national accelerator laboratory  FERMILAB-Pub-74/106-EXP

v 2000.000

he

(Invited paper at the 1974 SLAC Summer
Institute on Particle Physics)

S

RECENT EXPERIMENTAL RESULTS FROM THE CERN-ISR
sk
G. Giacomelli

November 1974

o
Permanent address: University of Padova, Italy
INFN, Sezione di Padova, Italy

Operated by Universities Research Association Inc. Under Contract with the United States Atomic Energy Commission



RECEMNT FXPERDEMTAL RESULTS FROM THR CERM-ISR

G. Giacomelli

- University of Padova, Padova, Italy
INFN, Sezione di Padova, Padova
Fermileb, Batevia, I1l.

INTRODUCTION
TOTAL CROSS SECTIONS
ELASTIC SCATTERING

SINGLE INCLUSIVE REACTIONS
k.1, Zf = f(pt)
k1.1, (p .

©¥1an -

h.2. f = f(ylab); f = £(x)

4.3, T = f£(s) .
.y, Multiplicities

L.5. Average transverse momenta
CORRELATIONS

5.1. Rapidity correlations

5.2. @——correlations

5.3, -correlations

5.4, Rapidity correlations with fast forward negative particles
DIFFRACTION PROCESSES. EXCLUSIVE REACTIONS
6.1. leading particle effects

6.2. Correlations for diffractive events
6.3. Exclusive reactions

6.3.1. pp - (pr*r)p

6.3.2. pp - plart)

PROCESSES AT LARGE py

T.1. Single inclusive reactions

7.2.  Correlations involving large pt-pa.rticles )

PARTICLE SEARCHES
8.1. Magnetic monopoles
8.2. Quarks

8.3. Direct 1ep£on production

CONCLUSIONS



1. INTRODUCTION

I shall try to review the recent experimental results obtained at the
CERN-ISR. For the sake of completeness I. shall alsc recall some of the main
results obtained éarlier.

The ISR started opefating for physics three years ago; thus the pre-
sent experimental layout involves what may be called second generation experi-
ments. Tt may be of interest to analyze briefly the changes which occurred
in the experimental program.

Figure 1.1 illustrates the experiments at the CERN—IéR in l97“2. These
first generation experiments concerned the measurement of the proton-proton
total cross section, of the elastic differential cross section, of the inclu-
sive production of T, 'n‘i, K 5 pi and of neutrons, of the search for "exotic"

objects, like gquarks and intermediate vector mesons. The study of inclusive

reactions was the most popular subject of research at that time.

i6 )
DIFFERENTIAL - 18
PP CROSS SECTIONS TOTAL PP CROSS SECTION
(RB601, R602) {R 801)
15 11 _
LARGE ANGLE {(moz,
ELECTRONS and PHOTONS L R103)
SEARCH FOR MULTIGAMMA
EVENTS (R14T) ’
14 Small angle
QUARK EXPERMENT _ _ ‘ " (R201)
(R 402) [2 Medium angle
- NEUJTRON PRODUCTION (Re0s) - : yd (R 202)
SFM DETECTOR TESTS (RO3IT : PARTICLE PRODUCTION | Large ange
SEARCH FOR GAMMA EVENTS (R 203)
(R 404 T) 13 LARGE ANGLE MUONS (R 200)

ISR EXPERIMENTS - 1972

Fig. 1.1. Layout of the experiments at the ISR in early 1972.
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The layout of 1974, shown in Fig. 1.2, indicates that the presently
most popular subject of research concerns the study of correlations in inclu-
sive reactions of various types. In addition there still are experiments of

the type studied already in 1972.
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Fig. 1.2. layout of the experiments at the ISR in February 197h4.

From the technical point of view the experiments have become somewhat
more complicated; in some intersecting regions a number of counters or pro-
portional chambers were added to existing single arm spectromelers (see experi-
ments RP05 and R206), in others a magnetic spectromefer was added {RB801, R105)
and in others altogether new detectors are present {R:OL = RL12, R701)}. Among
the new detectors, one has to mention (i) the coming into operation of the
split field magnet facility in intersection region I% with its 70,000 wires
of jroportional chambers; (ii) the streamer chambers in I7, which mey pr;b-

sbly be considered as a kind of "bubble chamber for the ISR."



tially constant, averaging about 10.
The performance of the ISR has been improving steadily. Recently a
peak luminosity of 1051 en @ see”) was achieved, with 22A in each ring. In some Turs
beam losses were aboul 3 X 10-6 min-l, which is not too fa} away from what is
to be expected from losses due to pp collisions in the intez:secting regions.

For a comparison, one may recall that in 1972 average luminosities were 5-6

times smaller. Table 1.1 gives a list of some parameters of the CERN-ISR.

TABLE 1.1

Some Parameters of the CERN-ISR and Present Operation for Physics

Beam momenta 11 - 31 GeV/e, Ap/o ~ 2%
Crossing angle 1i5°
. . 54 ~ 1 menth
Beam lifetime {1OA ~ 2 days
~ =10
Average pressure < 10 torr
Pressure in intersections < J.On:Ll torr
Design luminosity 5 x 1000 en @ g7t
Transverse beam {horizontal ~ %-5 cm
dimensio_ns vertical ~ 0.5 cm
: Present
Beam C.m. . Equivalent Average
" Momenta Energy E = Eim Lab. Momentum Iiminosities
GeV/e Gev Gev® GeV/e 10° en® 7t
11.8/11.8 23.4 548 391 1
15.3/15.3 0.4 921 Lol 2
22.hf22.k by b 1971 1053 b
26.5/26.5 52.6 2767 L7k b
31.4/31.4 62.3 3881 ' 2062 0.5

Table 1.2 gives a& 1ist of ihe experimenils al tne ISR.
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have to be performed to zero solid zngle (®xperiment RS0L, References
TA=3, 73-19}. The equipment to measure N consisted of an almost Yor
detector of scintillation counters and the method is reminiscent of the
standard transmission method at conventional accelerators. The lumin-
osity had {0 be measured separately, with the Van der Meer method of dis-
placing the two beams vertically.

ii)} By measuring the elastic scattering differential cross section in the
diffraction region [0.01 < |t| < 0.12(Gev/b)2], extrapolating to t = O

and using the optical theorem:

2 16w(dofat), o i l6n(dN/dt)t=o

o = =

(2.2)

L
where p = [Re F(s, t = 0)/Im F(s, t = 0)] may be neglected (R601, 73-2).

iii) By measuring the elastic scattering differential cross section in the
Coulomb-Nuclear interference region [0.001 < |t| < 0.01 (Gev/c)e], and *
agein using the optical theorem. This method was used at the two lowest
ISR energies (RAOL, 73-1).

iv) By simultaneously measuring the total collision rate (method 1)) and

the elastic scattering differential crose section in the diffracticn

region (method ii)) one has, dividing (2.2) by (2.1):

. 16w(aN/at) |
tot = — (2.3)
- N1 +p")
In this case the measurement of Gtot does not depend on the luminosity

of the ISR, thus removing one of the largesp uncertainties on the cross

"sectlon measurement.

Results are available from the first three methods. Measurements
according to the fourth method are being performed now; their preliminary re-

sults confirm the previous measurements.



Figure 2.1 gives o summary of the prezent knocwl=zdge on the ererzy o-

+ + .
pendence of the total cross sections of 7 , k¥, p and p on protons. With

the exception of 5p, all total cross sections rise with increasing energy.
The k+p total cross section rises already at Serpukhov energies; the other
cross sections start rising.at Fermilab energies. The pp cross section
rises by about 10% in the ISR energy range. Measurements at the ISR can only
- provide information on the pp system, but over a large energy span. The data
on Utot(pp) above 10 GeV/c have been fitted with a ln2 s dependence yield-
ing ‘

0, (FR) = 38.b + 0.49(1n s/120)% (2.4)

This fit may be considered a reasonable parametrisation of the data, but not
a proof of the ln2 dependence.
Where does the increase in g, Come from? Several hypotheses were
put forward by different people:
i) The increase comes from the increase in the cross sections of the in-
clusive processes in tﬂe central plateau, at'y = 0.

ii) The increase comes from the increase in cross section of diffractive
processes (their cross section depends on the missing mass (MM) with
the form l/MM?; with increasing energy the available mass region in-
'dreases). .

ii1) Fromrthe pfodpction ét large angles of nucleon-antinucleon pairs.

iv) From the increase in cross section of large pt-eveAts.

At present it would seem that the increase arises from a mixture of

these effects.

3. EILASTIC SCATTERING

Recent resulits on elastic scattering concern scattering at large angles
perforied with the split fiell magnet facility Wy the CERN-Hambturg-Orsay-Viinrz

{CHOV) collaboration (R4Cl, 74-13). Two other experiments are plarned for

the near futﬁre:
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i} Ome group is going to measure elastic scattering in the diffraction
region (REC2), and

ii) another group will measure, in 1975, the elastic scattering in the
Coulomb-Nuclear interference region {R805).

Figure 3.1 shows two angular distributions in the Coulomb-Nuclear
interference region measured by the CERN-Rome collaboration at equivalent
laboratory momenta of 270 and 500 GeV/c (73-1). From these data the authors
obtained values of the total cross sections and of the ratio p of real to
imaginary part of the forward elastic scattering amplitude. The ratios p
were found to be'slightly positive. The analysis of all the high energy data
from IHEP, Fermilab and ISR indicates that p goes from negative to positive

values, crossing zerc at about 200 GeV/c.
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Fig. 3.1. 7pp élaspic scattering in the Coulomb-Nuclear interference reglon
at V& = 23 and 31 GeV. The solid line is a fit to the data;
the dashed lines indicate the separate contributions of Coulomb

" and Nuclear scattering respectively (73-1). ' '

Figure 3.2 shows the pp elastic differential cross sections in the
diffraction region at equivélent laboratory momenta of 270, 1000 and 1500 GeV/e
(72-5). The data show very clearly a change in slope of the diffraction

pattern at |t| ~ 0.15 (GeV/b)E. The slope changes approximately by 2 wunits,



. -2 -
going from about 12.8 (GeV/e) ~ for [t]| < 0.15 (GeV/b)E to 10.8 (Gev/c) e

2
for |t] > 0.15 (GeV/c)”. The analysis of the energy dependence of the slope
parameter b, computed from measurements in a well defined and fixed t-interval,

shows that, for laboratory momenta above 50 GeV/c, b has a logarithmic depen-

dence on s. For |[t| < 0.12 (GeV/c)2 one has:
b(s,t) = (8.23 + 0.27) + 2 x (0.278 + 0.024) ln(s/so) (3.1)

where SO =1 GeVE.
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Fig. 3.2. pp elastic angular distributions at J;-= 21.5, 44.9 and 53 GeV

in the diffraction region {72-5).

The new elastic scattering data were teken at Ns = 23 and 62 GeV in
the 0.8 < [t} < 3 GeV/b range. The data were collected together with
PP ~>pnw events using the Split Field Magnet (sFTM) facility in the conflgur-
" ation shown in Fig. 3.3. The fast trigger for elastic events wes obteined from
the multiwire proportional chambers {MWPC) and required at least one particle
in both the forward and bvackward arms of the SFM. This trigger was a very
loose one, corresponding ¢ nearly the total pp cross secticn. A Sub=equ="‘

slow irigger required collinearity of the two tracks and absence of other tracks.
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Pig. 3.3. Plan view of the layout of the Split Field Magnet facility as used
by the CHOV collaboration {74%-13). Thick vertical bars indicate
proportional wire chambers. WN1-NL4 denote neutron counters used to

detect the reaction pp - pnw .

Off line anelysis was later performed using three steps: track recognition,
track fitting in the magnetic field and kinematical fitting. Figure 3.L shows
the elzastic angular distributions at J;-= 23 and 62 GeV. These results are
preliminary. The data confirm the existence of a dip-bump structure as pre-

. viously observed by the ACGHT collaboration {74-3).

| The ;hole -PPp angular distribution‘is feminiécent.éf,a diffractiéﬁ

pattern. The CHOV grcup fitted the t-distribvutions with the formula

2
99 L aleB2 4 JC exp(@ s 1) (5.2)

The results of the fits are shown as solid curves in Fig. 3.4, From the fits
one can derive: (1) the location of the dip and (ii) the height of the second-
ary peak. The results are shown in Fig. 3.5. The location of the minimum is

. » N
decreasing with increasing energy: it is at L.45 (Gev/e) at s =23 GeV snd
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Fig. 3.b. large angle elastic scattering data at Js = 23 and 62 Gev (74-13).
The curves represent four-parameter fits according to Eq. (3.2).
The data have a ncrmalization uncertainty of + 20%.

1.3 (GeV/c)2 at Vs = 62 GeV. Tne height of the maxirmum is instead increasing
with energy.

. ihe inward mov1ng of the dlp and the 1ncreasing of the secondary maxi-
mnm, may come ahout as the result of an interference effect of a shrlnklng small
-t amplitude with-'a large -t amplitude which 1s energy independent.

T™e integration of the differential cross section yields the total

elastic cross section (which is approximately egual to 0.1 = oiot/b)' The

= - ;. d
. inelagtic cross section is then given by oin Utot ael Both ael an
%n rise in the ISR ene?gy range, ?ith éql .;181ng prq?a?ly moré than Gtotr

(Fig. 3.6).
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Fig. 3.5. (a) Height of the second maximum in pp elastic scattering as a

function of energy.
2
(v) Position of the minimum near |t{ ~ L.k (GeV/c)” as a function

of energy.

Many models.have been proposed to explain the shépe of the pp eiasfic
scattering differential cross section at ISR energies. Some geometrical models
‘ plcture the proton as made of an inner core, which expands as the energy in-
crgaégs, and of an outer layer of constant thicknegs._ Fisure“5:7 shous thg

opaqueness of the proton at the two extreme ISR energies. -



*(TPTRWY ‘N wo1y) oBuwx A3xsus Co : .
ST sy3 ur ssausnbwdo ayg JO JUIUWIIDUT 3l | ‘
saoys o2anByy syj Jo qed JIMOT BYL ‘WIOJEUBIY
Jatanog @ Juisn UOTIO8E 580D TBIFUSIIITP

ay3 woxj pejnduod 8] ssauenbedo sy °s3T1d - *UN3UIWOU
~-I9Us YOI swax3xs ong ay} 1® Jojouetwd joedut RI046I0q8] @NgIsA SUOT}Oes B80Id uojoxd
ayy Jo uofzouny © se ggauanbedo uojord-uojoxg LE *B1g -uojoad D738ETS PUN OTISBISUT ‘Te3cl, '9'¢ *3Td
. . : . -
(wy) & 2 - ‘0 (2/A% 9) d :
! _ _ K 8- oo0L 00 o b
I — — Y
B 170~ .
N : _ g-n—0"0
/ , | {(muv . QF
/\ -
MOOYHEB ANCLIS™VSId | . m
1% ~ AWOH"NY3ID 0z &
: HOOUE ANOLS-VSId ¥ o
B - FWOY-NH3D = w
d
N o g 1013 )
A
R AD (S 7 Sp—— o1 (V)4
MO GEL = Bp =m=n
=y
. - -1 0s
| 1 ] 1 J py 1 A 1 " L N




k. SINGLE-INCLUSIVE FEACTIONS

Inclusive reacticns of order one, defined as those reactions where one

observes only one particle in the final state
a+b=c+X, ' (4.1)

have been studied with single arm spectrometers, with particle identification
detectors. If particles 2 and b =are protons and ¢ 1s a proton geing in
the forward direction, one speaks of ¢ as & leading particle. In a1l the
other cases particle c¢ 1is a preduced particle. .

We shall use the following independent variables

Total c.m. energy squared

5= (Pa * p‘b)2 = Eim (%.2)

Transverse momentum of c¢

p, =P sin® =p, . sin ® 1ab (4.3)

Longitudinal ¢.m. momentum of ¢

p, = P cos @ (b.4)

Feynman x variable

B 4 =-'V Pg: L= > 2P'8 ‘
T Pamax s 3> Js _
. (k.52)
Transverse X -2pt '
ANy



¢.m. rapidity variable

1, Bty o
¥ =% In =—=> - 1ln tg = (}_,_.6)
2 E—p£ 2 2 2
pt>m

laboratory rapidity

Yiab = Yac = Ya = Ve (4.7)

missing mass

!-12=E§-Pi=(pa+pb—pc)2

(%.8)

2 P
M=s+mp-2J:Eq (%;,9)

For the differential one-particle Inclusive cross section we shall use

the invariant form

2 _E deu _l- &g _ s o
T oom

do
dadp Apgdpy 7 dydpi dt

o
AN

g E
f = f(s,pt,y) =E =5

a P

(4.10)

oy

-

Most results on single inclusive reactions at the ISR became available
some time ago; recenﬁ new results complete the general picture. We shall
attempt to make & sketchy overall view of the results disclu.ssing the beh_avior
of the invariant cz"osls‘ sectipn_ as fl._inction of cne variable at a t'.ime‘ keeping‘
the other two f.’L-xed_. We shall then ;iiscus's general fea.'-c.urés; like.multiplicities-

and average transverse momenta.

d%¢
s e=f2py) Ezrp— SMALL Py
1 i

The general appearance of the /INTERMEDIATE Py

invariant cross section as e function 102 )
o LARGE Py
of P, is sketched here. The bulk of g | /
w | .
the experimental data concerns the in- 1.2 . ! -
or ! Pt (sev/e)

termediate ptvregion_. which may be




~ ~

defined as 0.1<p <1 GeV/c. At the ISR there are no data in the low p_-
region (pt < 0.1 GeV/e). Fig. ?.l shows the transverse momentum distribution
at fixed values of the laboratory rapidity, ¥1ap’ for pion production in the
fragmentation region (74-4). The distributions sre well represented by an

exponental function in Py

"o

Z = A exp(-Bp, ) | (4.21)

!

This is true for the production of any particle in both fragmentatlion and
central regions, with the exception of protons, whose distributions are best
represented with exponental functions at small velues of x and by gaussian

functions at large values of X.
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Fig. 4.1. The invariant cross sections for the production of -nri, K » p and

5 plotted versus transverse momentum at a value ylab = 1.5 (7h-4).



The £ = f(Pt) distributions are better represented by exponentials
when the data refer to Yiap = const than when x = const. The slopes are
larger for pions [slope B ~ 6.8 (GeV/c)_l]j smaller for kaons (B _ ~ B _ ~ 5.0)
and still smaller for protons and antiprotons (Bp‘: B ~ 4). The 7 glope
is just & little smaller then that of 7 (B _~ 6.5, Bp_ ~ 7).

In the large p -region (pt >1 GeV/:), the invZQiant sections decrease
less fest than an exponential and have a stronger energy dependence than at

lower transverse momenta. The large pt's will be studied scparately in

Section 7.

4.,1.1. Aversge transverse momentum

The average transverse mcmentum for the production of particle ¢ may

be defined as

2
. fpy £loy v = const) dp, (.22)
= 5 .
f f(Pt’ ylab - conSt) dpt

(pt)ylab

where the subscript Yiap MEBDS that the computation was performed using in-
variant cross sections at fixed values of ¥1ap"

The practical computation of the average transverse momentum may be
performed using directly the definition (k.12), If the cross section is ex-
ponential in p, one has simply

: -Bp
t .. 2
o) I p, e ap,

Wi

(h.l})'

Since there are few data for pt'< 0.1 GeV/ec (low pﬁ-region) and
pt‘> 1.5 Gev/c, one needs extrapolations of the cross sections in order to
compute the average vélues of the transverse momentum for different particles.

The average value of the transverse momentum is essentially determined oy

data in the intermedizte region; thus the error introduced by the extrapolations



is small. It may be estimated to be between 5-104, arisirg mainly from un-

certainties in the low pt-region.

Figure k.2 shows the average values of the transverse momentum for
+ 4 -

T, K, p, and p computed for fixed values of yla.b plotted versus ylab
(74-L4). It leads to the following picture for pion production.

(1) For small Yiap (pt) is very small and increases quickly. This

Y1ab
rapid change for ¥1ab < 1 is a kinematical effect, since In this
region one simply camnnot produce large transverse momenta. For

Yiap > 2 (pt)ylab incresses slovly with y, .. This means that the
factorization of the invariant cross section in terms of Py and

ylab[f(pt,ylab) = g(pt) h(ylab)] is only an approximation valid to

5-10%.
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Fig. 4.2. Average values of the transverse momentum for T » T, K, K, p

and P production, ccmputed at fixed values of the y,,, variable,
plotted versus ¥iay (7h-4).



(ii} The shapes of the (pt) . and (pt} _ are guite similar,
T 19181 T Y18y

the wf's having a slightly larger value of the average transverse
momentun. | |
(1ii) The results from different energies superimpose cne on the other on a
kind of "universal curve," which may be explored completely only =at
the highest energies. If this is correct, it is clear that the inte-
gration of (pt)ylab over y, . will yleld average values which in-
crease slovly with energy (this will be discussed in more detail later).
‘Within their larger errcrs, the average transverse momentum of EEéEE
behaves as for pions, but the "plateau” is at about 450 and 400 MeV/c for x*
and K respectively.

For protons and antiprotons the average transverse momentum is about

500 MeV/c.

2. f = f(ylab); f = f(x)

A compilation of data for the production of T, K, p and p at
different ISR energies and fixed velue of p = 0.4 Ge¥/c 1is shown in Fig.
.3 versus laboratory rapidity.(74-23). The dotted lines represent iﬁterpola—
tions through data at a laboratory momentum of 24 GeV/c. | |

. The shapé of f= f(ylab) at.fiied Py is essenﬁially the same for
ﬁ;, Kt and p. Ehé Cross éeciioﬁ is smali at small ﬁaiues éf Yigp it érows
with ¥ ., wtil when it reaches s kind of a plateau for ylag > 2. In reality
‘the plafeéu is slowly-rising vith Yiap? by about 10% in two units of rapidity.
_This means that the scaling region has not qﬁite been reached even at the highest
ISR energies. Only the protons have a different shape, which reflects their
leading particle nature. Ali the ISR data faken‘at different energies super-
impose on the same curve; the data at the laboratory m&mentum of 2L GeV/c are

consideraly lower for 5, just & little bit lover for K~ and just a little



higher for protons. This emphasizes the different ways in which the sealing

region is reached, though the -variations are modest when the data are plotted

versus ‘ylab'
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In terms of the rapidity wvariable it is easy to separate the fragmen-
tation (yiab < 2) and central regions (ylab >2). It is not so easy for
other variables, like the x-varisble. On the other hand one may learn some
other details when the dates are plotted as function of x. An illustration
of £ =1f(x) at Vs = 53 gev and Py = 0.4 GeV/c for the production of

various particles is sketched in Fig. b.k.

1500 GeV/ie P, ® 0.4 GeV/e

L} A T T 1 1 I L 1

o

I]ltll

E+d°c/dp®, ARBITRARY SCALE

1.0

Fig. 4.4, The invariant cross-sections for the production of varicus particles
at B, = C.4 GeV/c, plotted versus x. The vertical arbitrary scale
is in reality very close to mb/GeV2 (from D.R.0. Morrison).



Figure 4.5 shows a compilation of particle ratios: note that particle

to antiparticle ratios tend to 1 when Yiab increases.

L.z, £ = f(s)

The energy dependence of a collection of invariant cross sections at
fixed values of (x,pt) is shown in Fig. 4.6 (74-30). The data in the figure
come from a variety of experiments, using a vﬁriety of experimental techniques.
Therefore alse their systematic uncertainties have to be considered. This
means that no cross section is known with an accuracy of better than + 10%.

The energy dépendence of the in#ariant cross sections may be para-

metrized with expressions of the form

r=3%_4+ps@ (4.14)

Several models of particle production predicted an energy dependeﬁce (4.1%)
vwith o = 1/2 for data in the fragmentation region and o = 1/4 in the
central region. Table 4.1 gives the results of least squares fits to the
available datz to formula (L4.14) with a=1/2 and a = 1/k. When systematic
errors are included, the chi squares are reasonable, but botkh forms are com~
petible with the data.

- From the figures and from the analysis of the fits one sees immediately
that a kind of asymptotic region, whé}e there islonly a minor energj depéndence,,
is attained at lower energies for positive particles than for negative omes.
Moreover there is a hierarchy connected with the mass of the particles produced:
the scaling region for instance is attained first by pions, then by kaons, while
the antiproton cross section is still increasing considerably in the ISR energy
range. The whole study of energy depepde;ce is moreover strongly qoupled with

the choice of independent variables.
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k.4, Multiplicities

The multiplicity of particle ¢ is defined as the average number of
particles ¢ produced per interaction. At the ISR the multiplicities have
to be computed by integration of single particle spectra in inclusive reac-

tions;

(n)——- f &R | (k.15)

If factorization in (Pt’ylab) holds the computation of (L4.15) becomes par-

ticularly simple: ° .

£f(v>p,) = ely) hip,) = 6(y) exp(~Bp, ) (k.16)
from which
T -2 yms.x Lar ymax
An) ~ 5 f exp -Bp,] dpy f 6(y) ay ~ 7 f 6(y) ay (4.17)
0 Ypin in 0

We know that the average transverse momentum changes with Y1ab and that

f = f(ylab) is not constant, particularly at smell y, .. Thus Eq. (k.17}
is not exact; however, it may still be used as an empirical formula and still
, ylelds reasonable results. Slnce the ¥q b- distributions at pt =0 are not"

knoun, one uses those at pt = 0.4 Gev/c-

by
(nc} ~—

- Ymax f(y,pt = 0.4) o
/ ay S as)

o3 % e;p(-o.hrﬂ

_Eﬁé integral in (4.18) was computed mumerically, using values of o, ~ slowly
increasing with energy.
- - + -
The multiplicities of T, W : K, X, p,, ps, und the total charged

multiplicity are shown in Fig. 4.7 as a function of s {(73-20, 74-35).
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The energy dependence of the multiplicities may be fitted with formulae

of the type:

A+Blas +c s 2

{n;) (4.19)

-1/f2

]

(ni) A'+B'lns +C's in s (4.20)
In genersl the fits according to Eq. (4.19) yield lower Xe than those accord-
ing to (4.20). The proton multiplicity has only a very minor energy dependence.
The average multiplicity {n +) is larger than {n _), the differ-
ence being approximately constant wi:£ energy ((n +) - {n T) = 0.5). Thus
the percentage difference is decreasing with incregsing eng¥gy. The same
trend is valid also for K and K . The ratio of kason to pion multiplicities

increases with increasing energy and reaches an approximately ccnstant value

at ISR energies.

4.5. Energy Dependence of the Average Transverse Momentum
For each produced particle, ¢, the average transverse momentum inte-

grated over the Yiab variable is obtained by integrating (4.12) or (k.13):

{p,} = = (4.21)
t'e 3 2
Y 4)
R P fly p, = 0.4) dy
. Ypin LIS lab’*t 1leb
~ . (4.22)
- ymax
f £(¥y P = 0.4) Yy
yinin . i . .

Formula (%.22) is an approximation vwhich uses the data at p, = 0.4 Gev/c, the

values (Pt)ylab and assumes factorizati?nrof the cross section in (ylab’pt)'



The computation of the average transverse momenta at different energies
is considerably simplified if one assumes that there are "universal" curves for
£(y. .,p, = 0.4) ana {p,) ; that is, curves on which data at different

lab™ "t t Y1ab
energies always lie. 'This seems to be true for laboratory momenta above
10-20 GeV/e.
The results of the computations for the average transverse momenta are

shown in Fig. 4.8, which give also the average transverse momentum for the pro-

duction of all the charged particles, defined as

(Pt)charged

=[(nn-+)(pt>w++ (n o) v (n o) v a Do) + )2y,

X

1
’ (nfn) (Pt)"f:] Meharged (k.23)

where (ni) and {n } ‘are the average multiplicitiés for the production

charged
of particle i and the average charged multiplicitf, respectively. Because
of the lack of precise data at small Yiaw’ only an estimate of the <Pt}p
has been made,

| ihe absolute values of the average transverse mcmenta may have errors
of the order of 10% arising mainly from uncertainties of the data at low and
high Py and from the assumption ¢f the universal curves used.’ On the other
hend, the point-to-point errors and the error of, say, the 7 curve with
‘respect to the T - curve are expected to be of = few ber cent: '

Within errérs all thg average transverse momenta increase very slowly
with primary energy. This is in contradiction with some very high energy
cosmic ray data presented at the London Confeéence. ‘

As far as the relations'beﬁween fhe (pt> fdf differént partiélés are
concerned, one may notice thaf the average Py for positive particles is a
little larger than for the corresponding negative ones ((pt) + > (pt> - &and

-

_ T
(pt} LR (pt> _) and that the sversge p, increases with the mass of the
K- X

produced particle.



Among the various theoretical nodels vhich are capable of predicting
the average values of the transverse momentum, there is the thermodynamic model
of Bagedorn et al. in which the average- transverse momentum has a simple mean-

ing. It is connected with the temperature of the "fireball," or "fireballs,”
produced by the merging of the two incidenée protons, from which come the pro-
duce@ particle. In a naive way, one may think of the fireball as a "liguid
drop at the boiling point" from which "evaporate” the various particles. In-
creasing the energy inside the drop does not result in an increaée of its tem-
perature nor of the average transverse momentum of the produced particles; but

the average number of produced particles increases. The model predicts the

following relation between average transverse momentum and temperature:

“K_ . (m/T)
(Pt(m,T)) ~ \,"%2 Kei—%;g-—_ (4.24)

where K5/2 and K2 are Hankel's functions and m 3is the mass of the produced
particles. The vertical scale on the right hand side of Fig. 1.8 gives the
temperatures for each produced particle computed with Eg. (4.24). ‘The energy
depé;dence of the temperatures is weak as anticipated. The temperatures corre-
sponding to the different particles are almost equal. One may say that all

the particles are ﬁroduceﬁ‘ffom a2 region at the sa@e tempe;gty;e, or that
T_<T,ST_<T <T_. "

T T K K P

5. CORRELATIONS

The study of correlations between the final state particles produced
.in proton proton collisions cffers a very wide field of research which is
being attacked by 2 growing number of gfoups at the ISR. Measufements of
correlation functions have béen suggested by manf ;;thors as a means of dis-

eriminating among different mcdels of particle production. They could for in-

stance discriminate between models in which the observed particles are the



decay products of heavier objects and models where-the observed particles are
directly produced. Most of tire correlations are studied in inclusive reac-:

tions of order 2, that is

p+p-»cy +cy +enything (5.1)

vhere "anything” is either not observed are only observed in so far as some
features only, like the number of tracks.

The number of independent variables in reaction (5.1) is large:

5; Ptl) yl, ol; ptai y2) ¢2.;
nature of ¢y, ¢5; .(5.2)

some feature of the "anything"”

that is total c.m. energy, nature of the two observed particles and three
kinematics variables for each observed particle (for instance Py ? rapidity

- and azimﬁthal angle, or other equivalent variables). OCme azimuthal angle is
ignorable, because the initial protons are unpolarized.

The number of correlstions one can study is thus very large: one may
study correlations in polar angles, in azimuth, in momentum and mixed or more
complex correlations. For each of these one can then investigate their depen-
dence in energy, types of observed partlcles, on the klnemstlcal reglons of
one particle, on the observed multlpliClty, etc. o . 7
| From the experimental point of view one has to point out that besides
experiments using layouts specifically designed for the study of certain corre-
lations, there are others where sonme equipment was added to an existing apparatus,
for instance some scantlllat1on counters to a single amm spectrometer.

The best layout for studying reaction (5.1) would consist of a two-
snm spectrometer with particle identification. At the ISR there are only three
such systems (in Il the Saclay spectrometer, in I2 the combination of the small
angle and large angle spectrcmeters, in I6 the layout used for elastic scatter-

ing measurements}. All other laycuts do not have complete particle identification.
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The conservation of energy and momentum produces automatically some
sort of correlations among the particles in the final state. One has to re-
move these "kinematical" effects before being able to study the dynamics of
the process observed,

In‘the following we shall schematize the measured correlations in
(i) rapidity, (ii) azimuth, (iii) transverse momentum, and {iv) more com-
Plex ones, like correlations wlth a fast forward particle. Correlations in-
volving diffractive protons and particles with large transverse momentum will
be discussed separately.

Figure 5.1 is a sketch of the layouts used at the ISR to measure corre-

lations.

5.1. PRapidity Correlations

We shall define the single particle density distribution for reaction

(4.1) as:

o. dy

o((y) - L & (5.3)
. in

where o. 1is the inelastic cross section and do/dy could be the result of
in

integrations over p, and ¢. The two-particle density distribution for re-
action (5.1) is defined as

2
(2) 1 d g L
p Uy ¥,) = g (5.4)

G T W

The rapidity correlation function will be defined as

p(e)(yl,ye) - p(l)(yl) o(l)(ya)

oy e M,

R(yl’YQ) =

(5.5)
LA (dEU/ dyldye) -
= (do/&y) (de/dy,) ~
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Fig. 5.1. Sketch of the correlations which have been studied at the ISR.
T (a) low i:t (v) large p,- The ISR beams are shown as thin
black lines, the triggering particles as outgoing lines

(straight if there are no magnetic analysis, curved if there is).
Megnets are indicated as prisms. s



If particles cy and <y would be emitted independently, p(e)(yl,ye) would
be the product of the two single particle distributicn functions p(l)(yl),

p(l)(yé) end R(yl,yz) would be zerc. Another. type of correlation function

is often quoted:

cly)s¥y) 9(2)(Y1:32) - p(l)(yl) p(l)(yg)

]

R(y .y, oMy 6 yy) (5.6)

‘We shall discuss the rapidity correlations measured at the CERN-ISR

" by the Pisa-Stony Brook collaboration (74-1). They measured ;harged particle
production, meszsuring only the angles of the produced particles with a counter
hodoscope system. There is no knowledge-of momenta nor of the sign or mass

of the produced particle. From the knowledge of the angle € one computes

the variable

=
!
1

E

&
n|

(5.7}

which we shall call pseudorapidity; this is the rapidity for a particle of

mass zero and is a good approximation of the rapidity for pions. The trigger
requirement is such that- (i) they accept about 92% of the inelastic collisions;
(i1) they bave a negligible contamination from elastic events; (1i1) the mini- ~
mum momentum detected is 80 MeV/c. The data have been corrected for y-con-
version, 5-rays, finite counter size, ete., and are integrated over the ¢ angles.
A qualitative description of the interactions was given by this cbllab-
oration.selecting the events according to their multiplicity, removing the
‘two tracks with the laféqst and smallest angles (i.e.; pseudorapidities)} and

computing for the remaining tracks a mean pseudcrapidity '

- 1 i
n =n——_—-§- E_f'i (5.8)

1

and & dispersion



=2
8(n) = fif—%——;— | (5.9)
A three~-dimensional plot of this data is shown in Fig. 5.2, where & 1is plotted
in the x-axis, ﬁ in the y-axis and the number of events in the z-axis. The
plots are repeated as functions of event multiplicity at various ISR energies.
Af low multiplicities the graphs show two sharp peaks at large positive and
negative values of 1 and relatively small values of &. Thefe is also =
less prominent and broader bump éentered around ﬁ ~ 0. The two narrovw pesaks
at large |q| become less prominent and eventually disappear at larger values
of the multiplicity, while the converse is true for the broad peak ;t ﬁ ~ 0.
The two sharp peaks, prominent at low multiplicities, are interpreted
as due to diffractive processes, while thé broader bump, prominent at larger
multiplicities, is interpreted as due to central processes. JIn a rapidity
plot a diffractive event appears to have a large rapidity gap between one lead-
ing particle and the bulk of the others. A central process would lead to
rapidity distributions with a larger average mulﬁiplicity, more uniformly dis-
tributed in rapidity (see Section 6.2). -
This first analys;s shows that there are correlations in rapidity and
"that they may be used together with the average multiplicity to classify the
" type of interactions.

. Figure 5.3 shows the contéurs of .constant R(ql,qe) in the (“1’“2)'
plane at the tvo energies of -J— 2% and 65 Gev.~ Figure 5 1 shows R(nl,na)
as functlon of n for the fixed value of n, = O. An analysis of these
graphs yields the following conclusions:

(1) The contours are symmetric about 1 =1, (because of the definition

{5.5)) and about 1y =1, (which was imposed in the fit as it should

be for a symmetric pp system).

(11) For |m_ i, |q2| < 2 (central region) the contours are nearly straight

1
lines parallel to M, = fo- Thus here the primary dependence of
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Fig. 5.3. Contours of constant correlation R(ql,qe) in the (nl,ne) plane.
Contours of negative correlations are shown as dotted lines {7h-1).

() V& =23 Gev; (b) 5 = 63 Gev.
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Fig. 5.4. Correlation function R(nl,ng) for fixed N, Vversus 1. Full
circles refer to V& = 23 GeV, cpen circles to Js = 63 GeV (Th-1).



R(ql,ne) is on l“l - qal. Pits of the prcjections, like those in

Fig. 5.4, can be made to dependences of the types:
C(nl,qa)nl fixed =B exp[-l'ql - qe[/L] + Background {5.10)

— Al - - 2,4 2
C1p)y  pixea = A" &XPl-lny ngl" /441 + Backgrouna (5.11)

yielding correlation lengths of L ~ 2£ ~ 2, which are short compared
to. the available rapidity range. i

{iii) ‘™e correlation function R(nl,qe) is almost energy independent in
the central region, having a maximum of about 0.65. Outside of the
central region there is energy dependence. TFor Ny = and large,
the s-dependence is basically due to the expansion of phase space &as
s increases.

.(iv) Along the line T ="y the contours are more separated. At the
largest values of ]ql| + |q2| there are enhancemgnts, which go to

larger |q| as s increases. These events are of the diffractive-

type and the corresponding particles are emitted in opposite directions.

-5.2. Azimuthal Correlations”

7 bthef'tyﬁes 6f:doffeiatidﬁ'funétions'are défihed iﬂ thé'ééme way as in': .
(5.5) and (5.6). For instance, the correlation function in rapidity and in

azimuthal angles may be defined as:

1N
o d g <
o in dy. dy, dp, d9 .
1 "2
R(y s P ¥ @ ) = L 2 -1 (5-12)
17 Y T2 e 2 2
d o da

ay99, dy, 4%,



Since the initial protons are unpolarized R(yl, Py Yor @2) is a function
only of the difference XAp = P P Moreover iﬁ the central region the
correlation in rapidity depends mostly on the rapid;ty difference, &y = Yoo ¥y-
Thus for the central region Eq. (5.12) can be integrated over ¢, + @, and

yl + ¥ps obtaining:

%in ___EEE__ .
R(ay, &9) = — X 2% (5-23)

day asp

We shall next discuss the correlations ig rapidity and azirmth measured
by the Aachen-CEﬁN—Heidelberg-Munich collaboration (ACHM) using a streamer cham-
ber system (74-19, 74-20). Since this experimental equipment is reiatively
recent, & brief description may be useful.

The I7 intersection region has been surrounded with two double gap
streamer chambers, 270 X 125 x 50 cm3 in size; the chambers are placed one
above and one below the vacuum chambers and are separated vertically by 8 cm

3

{(Fig. 5.5}. An inner region with a total volume of 170 X 70 X 25 cm” was made
insensitive because of incompatibility with the hicone structure of the vacuum
chamber. A plate made of lead oxide-epoxy separates each chamber volume into
an inner rEglon for the detection of charged partlcles and in an outer reglon
for the detectlon of conversion electrons from FO s. Thus charged tracks ;
;.  are observed over a length of 13 to 30 cm. '
- Ehe chambers are §iewed, via & complex mirror system; bf ; lens folloued
“ i by an imege intensifier. The system allows to sge two 8° stereo vigws, all |
views being recorded on a single 35 mm'film. |

Qbé_appargtus is triggered by a coincidence between two scintillation
-counter hodoscopes, placed around the beam pipes on each side of the inter-.
| éecfion region. This trigger,‘effectivély similar to thelane used ﬁy the Pisa- '
Stony Brook collaboraticn, allows the obse?ﬁﬁtioé of about 90% of the inelastic

cross section. The pictures were scanned and selected events were measured

with conventional image plane digitizers.
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Fig. 5.5. Layout of the streamer chamber set up in I7 (7k-20).
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Fig. 5.6. Picture of an event in the streamer chamber set up (74-20).



The experimental results which will be discussed concern the corre-
lations among charge tracks only. As in the Pisa-Stony Brock experiment, only
angles are measured. The two experiments are quite similar. For each track
one has B and ©® in the c.m. system and the pseudorapidity is again computed
using formuls (5.7). The two experiments yielded results .in good agreement
with one anocther.

An event observed with the streamer‘chember system is shown in

Fig. 5.6.
A;I .

@.

[ 135°

T 90~

- 4S°

L-ss°

Fig. S.7. Contours of constant correlstion R(;’_\.n’, Ap) in the (2&n, &p)
' plane (74-20).



The contours of the two-particle correlation function R(4n, &p) at

Je

&p
Pa'ty

52.7 Gev are shown in Fig: 5.7 as & function of Ay = “2 - nl and

fl

Py - Py for values of ]ql + qei < 3. For fixed Ap (in particular

0) one finds again the rapidity correlations already discussed. The
graph shows that there are weak correlations in ¢, which depend on 2. In
particular the larger the rapidity difference A between the two particles,
the more probable it is to fihd the two particles at large Ap, that is to
find them going in cpposite directions.

The authors try to explain the features of Fig. 5.7 in the framework
of the independent cluster model of particle production. . In this model the
2p dependence of R(4n, &09) reflects correla£ions within the same cluster.
Instead the A4n dependence of R(an, &9) can be used to obtain estimates
of the parameters describing the decomposition into clusters.

The large Ap correlation at large &y can be qualitatively interpreted
in the independent cluster model as an effect of energy-momentum conservation
within one cluster. From the dependence of R on An the authors estimate
ﬁhat the average number of particles per cluster is 1.9. These results cannot
be considered a proof of the validity of the cluster model, but only of its

usefulness as & method of parametrization.

75.5. Transverse Momentuﬁ Corre1a£ion§

| The experimental results on pt‘ correlations obtained by the Saclay
group (74-10) will now be discussed. The group used two magnetic spectrometers
facing ezch other and at 90° to the beams in the Il intersection region (see
Fig. 5.1)}. The angular region co;ered by each spectrometer was relatively
small (&0, = 0.062 sr, o, = 0.22 sr) so that one can consider with good
approximation fhaﬁ Yy =¥ =0 émA= P - P = 180°. Particle trajectories

were reconstructed from megnetostrictive wire spark chambers; particle identi-

fication was done with time of flight.



The apparatus allowed the direct measurement of the double differential
cross section for a double inclusive cross section with complete particle
identification up to 1 GeV/c.

Figure 5.8 shows the double differential invariant cross section

£( ) = o (5.14)
pl’ p2 - d}ﬁ, dj"ﬁ) -
1 o
E, B

t

for ﬂfﬂr inclusive production plotted versus p for four values of p _.
tr T
Very similar graphs exist also for the inclusive production of T T and

+
v+w pairs. The distributions fitted to exponential functions of the form

-Bp
- tﬂi

£(p,» P,) = Ae (5.15)

yield values of the slopes B very close to the values found in single pion

production, with only a minor dependence on p _. These effects are better

tr
iliustrated in Fig. 5.9, which shows the average of D _,» (p ) , computed
t2 t2 Pyq
for various constant values of Piq-
The pt-correlation functions
o .- _...._._9..2...9.__..... }
' in dp ap '
tl t2 .
Ry Prp) =5~ 4o -1 - (5.18)
: dpyy IPep

1]

for nfnr, ﬂ?ﬂf and T T pairs ere shown in Fig. 5.10 plotted versus

lptll + |pt2i at Vs = 52 GeV. R is always somewhat larger than R

+ - + +
_ LR . : T
and R _ _ vhich are almost equal. In particular R, _ is largest at small
T T

t . ]
values of the transverse momentum and one may loosely speak of an "attraction”
-+ -
between low energy ¥ and T .

Tne authors considered also integrated correlations
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12
C-12= ﬂ.___.___ ,(5.17)

fdal / da,,

and found

C,_~lbh>c _~C ~1.3 (5.18)

™ T m T
c_~C ~2c_  _, {5.19)

PP PP 'rr+7r .

thet is the correlation between pions of opposite sign is lafger than the
correlations between pions of the same sign. Moreover ‘the correlation between
two protons and between pi pairs is about equal and twice as large as the
correlation between w*wr pairs.

One concludes that transverse momentum correlations exist and are more

important at smzll P

S.4. PRapidity Correlations with a Fast Forward‘Particle

As an example of a speciel correlation on rapidity we shall discuss
the experiment of the CERN-Pisa-Rome-SUNY collaboration (74-9). (see Fig. 5.1.)
The Pisa-Stony Brook Ui-hodoscope counter system was placed in coincidence with
the CERN-Rome Sméll aﬂéle’m;gnetic spectrometer, which acceéts.negatiﬁe parficles‘
eﬁittéd at essentiaily 0° in thé c.mL‘systemr (pt ~ 0) "and vith 0.% < x < 0;8,
Iylasl < 0.9 (74-9). Thus the forvard negative particle; which is identified
by means of threshold gas Cerenkov counters, is alreedy in the fragméntatién
region. Tﬁe collaboration studied the rapidity correlation between the forward
negative particle end charged tracks in the almost inclusive reaction
[
.pp —=> | K | + {n charged tracks) . . {5.20)
P



The following rapidity correlaticn fumction was considered:

dea
o, MAN(n) M
in dy dn 0
Blym) =3 a5 - 2 vt (5.21)
dy dn °

where y is the rapidity of the forward negative particle and 7 1is the
pseudorapidity of the charged tracks, }%) is the total number of inelastic
triggers in which at least one charged particle was produced in each of the
forward and backward hemispheres of the Pisa-Stony Brook counter system. M
is the total number of triggers in which one had also & negative particle in
the forward spectrometer. ANO(U) and AN(n) are the corresponding mmbers
of events in an internal Ay at 7.
Figure 5.11 gives R(y _ =5, n), R(y _ = 3.8, n) and R(y_-=3.., 1)

T K D

at Vs = 53 GeV (x = 0.4 for 7, K, p). One notices that:

negative
(1)} the correlation function for the three particles is similar;

(ii) the correlation is largest and positive for particles with large nega-
tive values of 7 (these particles are emitted in the backward hemisphere
with respect to the forward going fast negative particle); it decreases
with increasing n and has a peak at large positive values of n;

(iii) the‘corfélation functioﬁﬁ havé at mosﬁ a wéak energy &epenﬁence;

(iv) .the forward peak in the‘correlétion function is assﬁciafed with low
multiflicity events and'is-aiieady located at a pseudorapidity value
‘such that y - 1 ~ 1.3.

Undoubtedly conservation of momentuh and';f charge explains most of the
qualitative features of R{q). In fact the irigger, which selected interactions
cbntaining a high-mbmeﬁtﬁm, negaﬁife particlé going in the-direcfidn'of one of
the incident protons, provides a sample of nontypical pp interactions.

A plausible explanation cf the peak in the correlation function is in

terms of a process of the type:
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-+

rp—>p+C {5.22)
Ll +- = -

L—>pTT1T,K,p

where C* indicates a cluster of particles, whose nature is open to discussion,

which gives rise to a low multiplicity event, with particles going in the same

hemisphere. A Monte Carlo calculation gave m, ~ 2 GeV for the T case,

C
2.2 Gev for K and 3.1 for the p. C* would decay into 3-b particles. This
experiment suggests that besides pions, also kaons and antiprotons could be
produced via a clustér of particles.

Similar types of correlations were performed also by the CHIM group,
vhich added a system of scintillation counters around ch ~ 90", to their
small angle spectrometer (7L-17). Thus they could study the correlations be-
tween a fast forward w*, P or i and a second charge particle in the central
region. The results show both short range and long range cofreiations for each
type of identified particles. Interpreting the results in terms of a cluster
model they conclude that (i) for every cluster with a i, there are about 20
with a p; (4ii) 50% of the clusters emitted at y ~ 2.4 contains & proton;

(iii) a cluster deckys into 3-4 particles.

6. DIFFRACTIVE PROCESSES. EXCLUSIVE REACTIONS

Under the general term of diffractive processes we shall classify a
number of reactions characterizeéd by: (1) low mementum transfers, (ii) no
quantum numbers exchanged and ~ (1i1) essentially na”enérgy dependence. In

practice these features concern:

{i) the inclusive production of protons at values of x close to 1 (leading

particle effects);
* *

(ii) reactions of the type pp - pN , - NN {single and double diffraction

dissocietion). This class of reactions may contaein also reactions where
* . *

the N is not a well defined state. The N~ states extend to rela-

tively large masses, larger than 10 GeV.



{iii) Exclusive reactions with a relatively large cross sections. In fact
these reactions may be .observed at the ISR, only if they proceed vis
diffractive processes, that is processes in which the energy dependence

is small.

The diffractive cross section is large. In fact the total cross section

may be split as follows:

Ttot = Uel + crin (6.1)

% = %p * % * "N (6.2)

Y = + i i i i i
where %ap UAD UBD is the single diffraction dissociation cross section

and is equal to the sur of the diffraction dissoclation ¢ross sections of A

and B (which are equal in the case of pp collisions); Opp 1S the double

diffraction dissociation and UND is the inelastic non-diffractive cross sec-

tion. At the ISR at J;-= 55 GeV one hes, approximately:

t t ~ L3 mb
o ZETRIg gt O
o3 (2) rsm

el el

6.1. leading Particle Effects

Figure €.1 shows the invariant cross section for the inclusive produc-
‘tiod of protons in the kinematical region of x -close to 1, as measured by.
_the small angle spectrometer of the CHLM collaboratlor in 12 (75 16) ihe dis-
tribution has a peak at x ~ 0 99, which seems to be energy independent Tﬁérl

shape of the distribution at smaller values of x reflects the spectrum of

masses produced in the opposite hemisphere. The peak may be interpreted as



due to the single diffraction excitation of one nucleon, which breaks up into

a mass M? ~ 8(1 - x}, while the observed proton remains intact.

L - . S | 9
INELASTIC PROTON SPECTRA
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Fig. 6.1. Inelastic proton spectra at varlous ISR energies and fixed Pys
at high x (73-16).

Both the peak at x ~ 0.99 and the broad structure at x ~ 0.5 (see
Fig. b.4) have been interpreted within the framework of the triple-Regge-ex-
change piqture.
| The eneréy ihdepeﬁdence of the cross éection and the shap? of the
pissing mass distribution suggested that the x ~ 0.99 bump could be interpreted

es due to triple Pomeron exchange ounly, {PPP), and could be described with the

equation



l-EaP(t)

5.6  (t)
f=Eg3—S.:m-§'(sf) (6.4)
a-p 167

The data are consistent with an effective Pomeron trajedtory of
aP(t) =1.0 + 0.2t {6.5)

The broad structure at medium x was instead interpreted as arising
from a PRR exchange, where R is an effective meson trajectory. This ylelds

the equation

Gppr(t) ( ﬁ) 1-2a(t)

£~ (6.6)
1610 'S
and the ISR data are consistent with an effective meson trajectory.
ap = 0.45 + 0.75% (6.7)

with GPRR(t) ~ 1100 mb/CeV2, independent of t.
1

- -6.2. Correlations for lefractlve Events

. Qualitative informations on the main features of dlffractlve events

'_'hﬂve been obtained by the Pisa-Stony Brook, CHIM and ACHGT collaborations

studying different types of correlations. We have already ﬁentiongd some're-
‘sulté of the Pisa-Stony Btook work on correlations (see Figs. 5.2 and 5.3),
in particular the result that diffractive events have & relativelj low multi-
. plicity.

As already discussed in Section 5.4, the CHLM collaboration measured
rapid;ty correlations between a hlgh energy proton in their small-angle spectro-
meter and charged particles going in the'obﬁosite hemisphere or st 90°.

Figure 6.2 shows their data in terms of the rapldity of the proton measured

in the spectrometer and of the pseudorapidity of the charged particles in the



JNCLUSIVE PROTON/PARTICLE RAPIDITY CORRELATIONS
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pp =P + X plotted versus the mass squared of X ({74-25).



counters. The data show a gradual increase of the rapidity gap as the momentum.
of the proton detected in the spectrometer is raised from x = 0.9 (vhere frag-
mentation protons probably mzke up the bulk of the cross section) to x = 0.99
(where diffracted protons dominate the cross section). By integrating the
graphs of Fig. 6.2, the group obtained the mean charged multiplicity in the
scintillation counters. This is plotted in Pig. 6.3 versus the missing mass
squared, Me. The multiplicity increases with M?, and seems to level off at
large M?. | )

The set up of the ACHGT collaboration, used to measure elastic scatter-
ing, was also used to detect gquasi elastic scattgring (74-31). The experimental
layout, consisting of two magnetic spectrometers placed along the two beams,
in opposite directions was triggered by a coincidence between charged particles,
one in each spectrometer (Fig. 5.1). After removing elastic scatterings, the
remaining events were qualitatively classified sccording to the pmumber of
charged particles observed in counter hodoscopes surrounding the apertures
of eech of the two spectrometers;:

(i) Low multiplicity events, for which no extra tracks were recorded.

.Figure 6.4c shows a bi-dimensional plot of these events; the horizontal

"scale glves charge (positive or negative) and x-value of particle 1,
vhile the vertical scale gives the same quantitiesrfor particle 2. The

‘évé-n't;s'clt'xster _élél;tg"-twg lihes, or;e...for.' xl ~l aﬁd "l'..he“_othezi-for‘ |
Xy 1. 'Thgse'eveﬁts corfesﬁond'to single diffraction, that is to
reactions of thé type pp -9§Nf. -

(11} The diffraction bvands afé still observed ih the case of one particle
on one side and many particles on the opposite side., One still observes
sinélé diffraction. | | -
© (111} 1In the case of "two jets" of particles going in opposite directions one

does not observe anymore the clustering at Xy 1l or X5 1.
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Figure 6.5 shows the missing mass distribution for the same events,

plotted for different multiplicities.
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From the above resul‘t".s 'emérg_es & clear picture of diffraction processes:
" - 4 . . - *-.
" one fiuds bdt.h ‘single and double diffraction processes of the t.y'pe ‘pD -)p + N ;

* . *
N + N . These events exhibit t.he fol_low:l.ng qualitative distribution in

rapidit:les- .



P m N
Single diffraction of A :A $ nnAnp }
0
Single diffraction of B =-Ano ' Ay
Double diffraction A o ' n.Ann 4
Nondiffractive inelastic M—ﬂ—A—B—’D_D_A_D_D.ﬂ_'
= Ymax 0 + Ymax

*
The nature of the N needs further analysis, in particular in exclusive

reactions.

6.3. Exclusive reactions

6.3.1., The reaction pp —;(pnfwr)p

The two-arm spectrometer of the ACGHT ccllaboration was modified by
the ACHLR (private communication) and ACL (74-26) collaborations, by placing
the two septum magnets one above the other, on the same side from the inter-
action region, as sketched in Fig. 5.1. The fgst trigger regquired three
identified charged particles in the two magnets and ! particle in the propor-
tidnal chambers on the other side. A system of anticounters surrounded the
ihtgrsection regioﬁ at 90“ to the beams. Thé groups were thus able to select -

events of the reactions:

‘pp o {prT ) + P ' - (6.8}
+ - : o,
- (pr7m) +X (6.9)
with x ; _~ 1. A detalled analysis of the effective mass distributions
(pm 7 )

ghows that reaction {6:8) proceeds in part via the chain:



L 7 « a™ (1200) (6.10)

The reaction (6.9) is interpreted as & double diffraction dissociation
reaction.

T™e ratics of the cross sections

_ g — X) ’

R, = o{pp -’Pﬂiﬂix) (6.12)
a(pp = pr T PB)

as functions of t are spproximately:

t{GeV/c )2 0.21 0.353 b6
R, 2 66 .18

R, 3% 9% 1h%
One hés Rl ﬁ1Ré and onerhas evidenqe fop the aﬁpfoximafe éalidity of.factéri—
zation.- |
| The slopes - b of tﬁéreipénential t-éiétributioné ére apﬁroxiﬁatel&o
b~ 10 for elsstic scattering, b ~ 6" for the single diffraction dissocietion
resction (6.8) aﬁd b~ bk Vfor the’double diésociation reaction (6.9).
Within errors there seemrto be no energy dependence of the cross sec-

tions in the ISR rahge, thus confirming the diffractive nature of these reactions.

) +
6.3.2. 'The reaction pp - p(n7T )
Preliminary results cn the reaction

poopr?) (6.13)



at small t-values and at VE; = 53 GeV were reported at the London Conference
by the CHOV collaboration (74%-1k). They used the split Field Magnet facility
in the configuration illustration Fig. 3.3 and sketched in Fig. 5.1. The
fast trigger required a neutron together with two charged t;acks in opposite
directions. The slow trigger £hen selected events with two and only two
charged tracks plus the neutron.

Figure 6.6 shows the m]r'+ effective mass distribution for the cases
in which the neutron gdes in the same general direction of the wf (cos GJ < 0)
and when it goes in the opposite direction (cos GJ > 0). In the first case
the mr+ mass distribution exhibits e number of peaks corresponding to N*

resonances; that is the reaction (6.13) proceeds sometime via the chain

L+ | (6.14)

For cos eJ > 0 the resonance signal is much weaker. The t-dependence for
the cross sections of reactions of the type (6.1%) is shown in Fig. 6.7 for
different N* mass regions. The distributions exhibit a change in slope
at |t] ~ 0.5.(GeV/c)2. The data for |t] < 0.2.(GeV/c_)2 {< 0.k for the

:pigher _N* mésses) were fitted to exponential funcfions. From the fits and
from inspection of Fig. 6.7 one concludes: |

(1). The slope of the t-digtribution is rapidly decreasing with increasing
‘ N* mass; this confirms the results discussed in the previous paragraph.
(11) At fixed N mass, the slope incresses with s, at spproximately the

same rate as in elastic scattering. Thus shrinking seems to be a

Phenomenon shared by elastic and lnelastic diffraction scattering.

The integration of the angular distribution yields a cross section

-0.4+0.1

which decreases &5 & when s goes from s =50 to & = 3000 GeVE.
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7. PROCESSES AT IARGE Py

Processes involving the production of particles at large transverse
the following
we shall only summarize some of the main features observed st the ISR.
large pt-phenomena have always been assoclated with small distances and
experiments on largg pt-phenomena are supposed to probe the inner substructure

of the nucleon. In this picture the exponential fall off in Py for

P, <1 GeV/c corresponds to the extended st

acting
globally as & coherent source. Instead the pt-dependence at larger trensverse
momenta would arise from more ldcalized sources inside the proton. Measﬁ;ements
performed until now have shown that the x-dependence and the s-dependence of
the invariant cross sections for the inclusive production of large Py events
are smooth functions, which join smoothly to the cross sections at smaller
transverse momenta. Thus no new.phenomena (or new spatial regions) are easily
revealed by inspection of the graphs. Further interpretations require the
use of specific models. At present one may interpret the datz in terms of
constituents models (like parton-parton scattering), but this interpretation
is not compulscry. Other, mcre conventional models, which for instance in-
terpret the large Py evenfs as arising from the decéy of heavy objecté,
like fireballs, are still tenable. It is hoped that correlation experiments
may shed new light on these phénoﬁena, but-one-ﬁaé to be careful to properly
interprét the kineﬁatics effects. '

Table 7.1l gives & list and some of the parameters of the experiments
on 1arge-pt-phenomena presentgd at the 197k Loﬁdon Conference by groups working
at the ISR.

Figure 5.1b gives a sketch of the correlation experiments listed in

Table 7.1.
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7.1. Single Inclusive Reactions

A compilation of pion production data at large 1 is given in Fig.
T.1l. The dominant feature at large Py is the deviation from the exponential
dependence observed at smaller transverse momenta. The pt-dependence observed
at large Py at the ISR for the production of 'rro was parametrized with a

formule suggested by many models.

f=ESZ=Hp e . (7.1)

where A~1.5x% 10'26 ens GeV 2 sr L

B~ 26.1 +0.5 N=28.24 +0.05
The energy dependence of the invari-a.nt cross sections at fixed values
of Py is schematically shown in Fig. 7.3. The curves are quite similar to
those of Fig. 4.6, which involve intermediate Py values. This may suggest
a common origin for the large g and small P, events as discussed at
the beginning of this section: the lack of events at large-pt and small energies
would be connected wlth a k:md of threshold effect. -
From the graphs of Fig. 7 2 one can make extrapolat.ions to s V—im
. _and obtain the asymptotic, or l_imting pt-dlstribution, wh:n.ch seeus to ‘have a
-p -dependence of Pt-6
The British-Sca.ndinav:.a.n group has measured partlcles ratios at la.rge
’ pt- they found tha.t at large ;pt heavy mass particles (kxaons, nucleonsA and
" antinucleons) become very abundant comperable to pions.

7.2, Correlations Involv:.ng Large pt-Particles
As indlcated in Table 7 1 and Fig. 5.1b many ex‘periments have been .

performed in which the equipment was triggered by one particle with a large'pt.

large correlation effects, larger than at smelier Pys are observed.
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The Pisa-Stony Brook (T7h-16) and the ACHM (74%-19) collsborations
triggered their equipments, which detect charged particles, with wo's of
large transverse momenta. K Figure 7.3 shows the pseudorapidity distributions
of the multiplicity of chargéd particles associated with the large Py neutral
pion, normalized td the multiplicities oflower-pt-events. There is & broad
correlation in rapidity, which is particularly prominent when the wp has &
larger Py and when the charged particles are emitted on the opposite side
of the np. By integration of the curves, one cobserves that the charged

0

multiplicity increases with the p_ of the 7 (Fig. 7.4).

NORMALIZED TOTAL MULTIPLICITY

-
-
=

1 | 1 | 1

2
P, (GeVic)

Fig. 7.h. Average total multiplicity of charged particles as a function of
the_transverse momentum of photons detected at 90°. 'The data are

normalized to the multiplicity in the lowest p, bin (75-16).
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There are also correlaticns in azimuth, with an enhancement of &p = 180°.
‘This is particularly evident when the Py cf the WO is large, as shown by
Fig. 7.5 (CCR collaboration, 74-22). The CCR collaboration bas also done

WQ - wp correlations at 90° further confirming this result (the correlation

is stronger when both 7°'s have a large Pt)'

The CCRS ccllaboration using the magnetic spectrometers of the Saclay
group and the lead glass arrays of the CCR group found a surprising result
(Fig. T7.6): the correlation between a wp with p_ > 3 GeV/c and charged
particles of various transverse momenta is strong, it increases with the Py

of the charge particles, but is independent of the azimuthal angle &9 (it

is the same on the same side or opposite side of the wo) (T%-11).

8. PARTICLE SEARCHES

A number of searches for new particles have been performed or will e
performed at the ISR. Coﬁpared to conventional accelerators the ISR offers
the advantage of higher c.m. energies, thus allowing searches to larger masses.
But the ISR has the disadvantage of having a lumino§ity several orders of
magnitude smaller than for conventional accelerators; thus the limits in cross

gections are much worse than at other accelerators.

8.1. Magnetic Monopoles
' Searches for free magnetic monopoles are based on the hypothesis of

large magnetic charges, according to the Dirac relation:
2L e = ng (n=1,2, ...) _ (8.1)

Relativistic monopoles should ionize hTOOnE times the ionization of minimum
ionizing particles.

‘ Three types of monopole searches have been performed until now at the
ISE. The Bclogna-Rome ccollaboration used plastic detectors to detect the mono-

poles directly after this production in pp collisions. For this purpose the



Il intersecting region was surrownded with stacks of nitrocellulose and
makrofol-E sheets, covering ahout one-fourth of U7 and 20° < 6 < 90°.
Nitrocellulcse sheets are sensitive to particles which icnize more than 0.8
GeV g'l cm?, while the threshold for makrofol-E is 3.5 GeV gl cn®. Because
of these hfgﬁ threshdld values, plastic detec£ors may be used in a large back-
ground of minimum ionizing particles, the background limit being given by
nuclear fragments of Z = 2. In the developed plates these fragments yield a
general background which shows up as randomly oriented tracks at the surfaces.
Consequently an area scan of the sheets, at their centers, has almost no back-
ground. The present preliminary upper limit is 3 X 10_36 cm? (2 st. dev.) for
monopoles with 0.5 < n < 3 and mass < 24 GeV (7:-28). -

The Bologna-Fermilab collaboration has made an indirect search, trying
to detect magnetic monopoles trapped in the I5 vacuum chamber and In other
materials (74-29). Pieces of the vacuwn chamber were placed in froot of a
Supercondﬁcting solenoid : magnetic monopoles should have been extracted,
accelerated to several GeV and detected by a2 number of thin scintillation
counters. Other pieces of the IS5 vacuum chambers were sent to Berkeley: they
will be mechanically circulated in a superconducting sclencid where a monopole
" ‘should appear as an induction transient.

The upper limits for menopole production will be improved in the near
future, but it will be difficult to go much below 1077 en®.

" Monopoles ere also belng searched forés multigamms events, by the

Brookhaven-Grumﬁan—Ebme collaboration.

8.2. Quarks

" " gearches for free quarks are based on the hypothesis that they fonize
1/9 or 4/9 of minimm ionizing particles. Early searches were made by the
CERN-Munich (72-8) and by the British-Scandinavian {73-1l} collaboratichs using
telescopes of scintillation counters, proportional chambers'ahd Cerenkov .

counters. No quarks were found in zbout 109 observed particles. Thus the



upper limit cross sections for n < 24 GeV are of the order of 2 X lonjh cme

for an isotropic quark prcduc@ion.
A nev search for free quarks is being performed by the Bologna-CERN
collaboration using the SFM facility; it should lover the cross section by

one or two orders of magnitude.

8.3. Direct Lepton Production

The CCRS collaboration {R 105) has looked for the direct production of
leptons of large transverse momertum, using arrays of lead glass Cerenkov

counters after magnetic analysis (74=7). The found that

direct e (e') -L

(8.1)

— ~ 0.8 x 10
T {r)

independent of Py This result is in agreement with results cof similar.experi-
ments at Fermilab. The p¥—distribution of the directly produced leptoné is
smooth; the absolute value is larger than what one would have expected on
the basis of parton models.

Ihe British collaboration (R 204) has searched for direct muon produc-

56

tion, placing an upper limit of 5 x 10 cm /sr for p emitted around 90°

and with & p, > 4 GeV/e (74-27).

R

B.4. Producticn of 4a

The British-Scandinavian collaboration has found an abundant production

of d at large angles (73-11). The &/v-ratio has increased from ~ 1077 at

.30 GeV, to ~ 10’6 at 70 GeV, ~ 1072 at 300 GeV and 5 X 10""L at ISR energies.

Moreover vhlle at lower energies the d were produced in p-Nuclei collisions,
‘at the ISR they are produced in pp colllslons. The pt-dependence of the

jovariant cross section for & production at the ISR seems to be less steep



than for p: thus the slope seems to decrease with increasing mass. Thess
features give problems to various mechanisms of production of antinuclei. In
fact it would seem that the d is produced via a statistical mechanism which

does not differ from that of other particles.

9. CONCLUSIONS

The experimental results from the CERN-ISR have given an almost complete
picture of pp interactions at high energies. Let us summarize the main fea-
tures snd some interpretations: :

1. fThe pp total cross section rises approximately as ln2 s (by about 10%
in the ISR range).

2. ‘he ratic p of resl to imaginary pert of the forward scattering amplitude
becomes positive above 200 GeV/ec. -

3. Elastic scattering is consistent with a geometrical picture of the nucleon,
with a kind of an inner ;egion and a skin. The shrinking of the diffrac<
tion pattern continues to the highest energies.

L. Most of the pp interactions lead to inelastic processes, which may be
broadly clessified in‘diffractive and central processes. The ensemble
cof inela;tic events are characte;ized by a small and almost energy indef
pendent'value'of- (pt) and by logarithmically rising mhltiplicities;

5.  DPiffractive proééssés result iﬁ:ﬁnéméll nimber of ﬁrﬁducéd particles,
while central processes result, on the average, on the production of &
larger number of particles. -

.6. The study of large pt-events has pot &et'a}iowed to establish‘if they

~are interpretable in terms of.constitﬁenﬁ mo@elg or of more cqnventional
ﬁbdels nét involﬁing nuclear sﬁbstructures. o

7. ‘There are all sort of correlations, in rapidity, in @, in P, ete.

betweer the final state products. This suggests that the production

process is a complicaﬁed one and occurs probebly as a two siep Process:



first & number of clusters (or fireballs or N* or other states) are
produced; then these states decay into the observed particles. If
clusters occur they probably have masses of 2-2.5 GeV and decay into
2-L particles.

8. Some exclusive processes of the diffractive type have been observed.
Their t~distributions exhibit shrinking, which thus seems to be a general
thencmenon, not only associated with elastic scattering.

9. No new particle has been observed.

10. There is no model which explains all the observed features; instead each

model explains a small amount of data.

The above features indicate that we are still far away from the asymp-
totic region, where "all asymptotic theorems come true.” In particular the
presently established trend of p = Re/Im indicates that p has become
positivey it is expected that, as the energy increases, p will reach a2 maximum
and then will decrease towards zero from positive values. It would seem that
the asymptotic region cannot start before the sfart of the falling down of p,
that is that the asymptotic region may start only at laboratory momenta of
several thousand GeV.

| Present and future experlments at the ISR should confirm with more
'ﬁprec1sion the above statements and the 1nterpretat10ns which follow But 1t
' mey be expécted, ig_generﬁl, that the new experiments will look more and more
. for specific &etails and will have to be guided b& specific models; The éxperi-
' méntal study of the properties of the asymptotig région may very well have to

wait for an even higher energy accelerator.
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